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We computed the long-range interactions between two identical polar bialkali molecules in their
rovibronic ground level, for all ten species involving Li, Na, K, Rb and Cs, using accurate quantum
chemistry results combined with available spectroscopic data. Huge van der Waals interaction
is found for eight species in free space. The competition of the van der Waals interaction with
the dipole-dipole interaction induced by an external electric field parallel or perpendicular to the
intermolecular axis is investigated by varying the electric field magnitude and the intermolecular
distance. Our calculations predict a regime with the mutual orientation of the two molecules but
with no preferential direction in the laboratory frame. A mechanism for the stimulated one-photon
radiative association of a pair of ultracold polar molecules into ultracold tetramers is proposed,
which would open the way towards the optical manipulation of ultracold polyatomic molecules.
I. INTRODUCTION
The dynamics of ultracold quantum gases composed
of atoms or molecules with extremely low translational
energy Et/kB ≪ 1 millikelvin is dominated by the long-
range mutual interactions between particles. Such gases
are nowadays routinely produced in various laborato-
ries worldwide and many applications are foreseen [1, 2].
When they are trapped in external potentials created
by electromagnetic fields, they offer unique opportunities
to study fundamental few-body dynamics in atomic and
molecular physics [3]. The unprecedented capability to
simultaneously control the internal and external degrees
of freedom of the particles also opens the way to the quan-
tum simulation of Hamiltonians describing many-body
physical phenomena like low-temperature Fermi fluids or
artificial gauge fields [4, 5]. When the particles possess an
intrinsic magnetic or electric dipole moment they interact
through strong long-range anisotropic forces, i.e. depend-
ing on their mutual orientation, which strongly modifies
the dynamics of the quantum gas [6, 7] and enhances
stereochemical properties of ultracold bimolecular reac-
tions [8].
The recent production of ultracold heteronuclear
alkali-metal dimers in their lowest rovibronic [9, 10]
and hyperfine level [11] stimulates many studies in this
perspective. The permanent electric dipole moment
(PEDM) d0 of such (polar) molecules in their own frame
allows for manipulating them with static electric fields
[12, 13] and electromagnetic fields [8, 14–16]. Such stud-
ies require a detailed modeling of the molecule-molecule
long-range interactions inside the quantum gas with or
without the presence of external fields [17, 18]. The
most spectacular experimental achievements on ultracold
dipolar molecular gases have been performed on KRb
molecules [8, 9, 11, 19] which motivated a wealth of the-
oretical investigations on this species [17, 20–23]. An
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accurate description of long-range interactions involving
the other heteronuclear alkali diatoms is strongly needed
since they draw rising attention [24–32]. Considering two
identical polar molecules at large distances R (in atomic
units 1 a.u. ≡ a0 = 0.0529133 nm) between their individ-
ual center-of-mass (c-o-m) connected by the z axis and
with polar angles (θi, φi), i = 1, 2 with respect to the z
axis, their mutual long-range dipole-dipole interaction is
conveniently written in the coordinate system associated
with the tetramer (T-CS) based on the z axis
Vdd(R) = − d
2
0
R3
(2 cos θ1 cos θ2 − sin θ1 sin θ2 cos(φ2 − φ1)) .
(1)
(The atomic units of energy, where 1 a.u. ≡ 2 × Ryd =
219475 cm−1, will be used throughout the paper except
otherwise stated). In the range of distances investigated
here (R & 30 a.u.), it is easy to check that the energy of
the mechanical rotation between the two molecules, and
thus the corresponding rotational couplings, are small
compared to the van der Waals (vdW) interaction and
to the rotational energy of the individual molecules, so
that the main features of the system can be captured in
the T-CS.
In this paper, we compute the long-range interactions
between two identical bosonic polar bi-alkali ground-
state molecules both in free space (Secs. II and III) and
as a function of the magnitude of an external electric
field parallel or perpendicular to the z axis (Sec. IV). We
use the stationary perturbation theory as in our previ-
ous investigations on atom-molecule systems [33–37]. In
free space, we found that the vdW interaction varying as
−C6/R6 is characterized by C6 coefficients that are three
orders of magnitude larger than those for alkali atoms, in
agreement with the results of Ref. [38] which uses a dif-
ferent method. The isotropic vdW interaction competes
with the expected anisotropic dipole-dipole interaction
induced by one molecule on the other, or by an external
electric field E [14, 28]. Among the ten species built from
Li, Na, K, Rb, and Cs atoms, we show that the inter-
actions for KRb and LiNa – which posses the smallest
2PEDMs of the series, i.e. 0.56 and 0.61 Debye respec-
tively [39] – behave differently from species with a larger
PEDM, ranging from 1.2 Debye for RbCs to 5.5 Debye for
LiCs [39]. For the latter molecules, our calculations pre-
dict for critical values of R and E the mutual orientation
of the two molecules but with no preferential direction
in the lab frame, i.e. no anisotropy of their interaction.
Our work complements the recent one by Byrd et al.
[18] where the authors investigated the long-range inter-
action between two bi-alkali ground-state polar molecules
aligned by a strong external electric field in the head-to-
tail or side-by-side configurations in the lab frame. Sec-
tion V presents a prospective discussion about the pos-
sibility to create ultracold ground-state polar tetramers
by stimulated one-photon radiative association of a pair
of ultracold polar bialkali molecules. Finally Section VI
contains more general conclusions and prospects.
II. CALCULATION OF C6 COEFFICIENTS IN
FREE SPACE
In the lowest rovibrational level (v = 0, j = 0 for each
molecule, hereafter referred to as the |0〉 level) of their
ground electronic state X1Σ+g , the molecules have no
PEDM in the T-CS. Their interaction energy Vj1j2(R)
is determined by the operator Vˆdd taken at the second
order of the perturbation expansion, i.e. −C6/R6. The
C6 coefficients are expressed in terms of dynamic dipole
polarizabilities at imaginary frequencies [40]
C6 =
3
π
∫ +∞
0
dω [α(iω)]2 , (2)
where α(iω) is the isotropic polarizability of the rovi-
bronic ground level |0〉, expressed as a sum over all ex-
cites levels |n〉 accessible by dipolar transition
α(iω) =
2
3
∑
n6=0
ωn0d
2
n0
ω2n0 + ω
2
. (3)
In Eq. (3), ωn0 and dn0 are respectively the transition
energies and transition dipole moments between |n〉 and
|0〉, which were extracted from a combination of accu-
rate semi-empirical potential energy curves (PECs) and
electronic transition dipole moments (TDMs) computed
in our group [39, 41], and available spectroscopic PECs
(Table I). The wave functions for the rovibrational lev-
els and for the dissociation continua were computed us-
ing our code based on Mapped Fourier Grid Hamiltonian
method [42]. The details of our calculations are given in
Ref. [43] and in a forthcoming paper.
For the ten bialkali heteronuclear species, the polar-
izability α(iω), plotted on Fig. 1 in log-log scale, shows
two plateaus. The first one, located in the low-frequency
region (~ω ≈ 0.01− 1 cm−1), is due to the predominance
of the purely rotational transition (v = 0, j = 0)→ (v =
0, j = 1) within the lowest electronic state X in Eq. (3),
Molecule Ref. d0 B0
(a.u.) (cm−1)
23Na133Cs [44] 1.845 0.058
7Li133Cs [45] 2.201 0.187
23Na87Rb [46] 1.304 0.070
7Li87Rb [47] 1.645 0.215
7Li39K [48] 1.410 0.256
23Na39K [49] 1.095 0.095
39K133Cs [50] 0.724 0.030
87Rb133Cs [51] 0.490 0.016
39K87Rb [52] 0.242 0.038
7Li23Na [53] 0.223 0.374
TABLE I. Permanent dipole moment d0 (1 a.u.= 2.541 580
59 Debye) and rotational constant B0 for each ground-state
molecule in their v = 0 level, obtained after averaging on
the v = 0 radial wave function related to the experimental
potential energy curve given in the reference of the second
column.
over all other transitions toward ground state excited vi-
brational levels. The height of this plateau is strikingly
different from one molecule to another, as it is shown
by its approximate expression considering only the main
transition α(0) = d20/3B0 where the rotational constant
B0 of the X
1Σ+g v = 0 level and d0 are expressed in
atomic units. Once ~ω exceeds this transition energy,
α(iω) varies as ω−2 [Eq. (3)] to reach the next plateau
corresponding to the contribution of the transitions to-
ward levels of the excited electronic states. This plateau
extends up to ~ω ≈ 104 cm−1 for all species which reflects
(i) that the main contribution to the polarizability comes
from the lowest excited electronic states, and (ii) that all
species have similar electronic excitation energies. Then
the polarizability varies as ω−2 up to ~ω ≈ 105 cm−1,
where the influence of the core electrons to the polariz-
ability produces different slopes for α. Beyond this range,
the polarizability decreases again as ω−2.
The existence of those two distinct plateaus allows us
to express the C6 coefficient as the sum of three terms
[27]
C6 = C
g
6 + C
e
6 + C
g−e
6 , (4)
where Cg6 denotes the contribution of the purely rota-
tional transition inside the ground electronic state (if
we neglect transitions to higher vibrational levels), Ce6
denotes the contribution of transitions to electronically-
excited states, and where Cg−e6 is a crossed contribution.
Our results for all those contributions and for the ten
heteronuclear molecules, are given in Table II, and they
are compared to available literature values. Just like the
dynamic polarizabilities the C6 coefficients vary dramat-
ically from one molecule to another, ranging from a few
thousands atomic units for LiNa and KRb, to a few mil-
lions for NaCs. Such differences ensue from the ground-
state contribution, which can be expressed to a very good
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FIG. 1. Dynamic isotropic dipole polarizabilities as functions
of the imaginary frequency for the ten heteronuclear bialkali
molecules. We also plotted the polarizability of the homonu-
clear molecule Cs2 as a reference [34].
approximation as Cg6 ≈ d40/6B0. Eight molecules out of
ten, which are characterized by a strong PEDM, interact
through a huge van der Waals coefficient C6, i.e. larger
than 105 a.u.. The Ce6 values are comparable to those
for homonuclear molecules [54], while the crossed terms
Cg−e6 are always very weak.
Table II shows two trends: our results for Cg6 are sys-
tematlcally larger than the other available values (ex-
cept for KRb, KCs and RbCs from [38]), while the con-
trary is visible for Ce6 . Such discrepancies probably come
the sensitivity of the C6 coefficients which scale as the
fourth power of the permanent and transition dipole mo-
ments. In our calculations we use transition energies and
dipole moments, averaged over rovibrational wave func-
tions, while the other studies are done at the equilibrium
distances. Those rovibrational wave functions are calcu-
lated from experimental PECs when possible. Our un-
derestimation of the Ce6 coefficients may be due to the
slow convergence of the polarizability (Eq. (3)) with re-
spect to the electronically-excited states (and also ioniza-
tion continuum), which are not all included in our calcu-
lations. The discrepancy of the Ce6 may also be related
to the overestimation of the static polarizability, in par-
ticular in Ref. [38] (see Tab. 1 and the corresponding dis-
cussion), which is inherent to the method used by the au-
thors. Note that the static polarizabilities obtained with
the present method differ by less than 1 % from the val-
ues of Ref. [10] obtained with a finite-field method. One
possible way to discriminate the different theoretical cal-
culations could be to measure collision rates, which scale
for instance as C
3/4
6 for identical fermionic molecules [27].
Molecule Source C6 C
g
6 C
e
6 C
g−e
6 C
g
6/C6
(a.u.) (a.u.) (a.u.) (a.u.) (%)
23Na133Cs This work 7323100 7311100 9198 2800 99.8
Ref. [38] 6946696 6932958 10822 2916 99.8
Ref. [18] 9453 2877
7Li133Cs This work 4585400 4574400 7407 3600 99.8
Ref. [38] 3409406 3397216 8670 3520 99.6
Ref. [18] 7700 2920
Ref. [27] 3840000 3830000 7712 3460 99.7
23Na87Rb This work 1524900 1515800 7846 1200 99.4
Ref. [38] 1507089 1497080 8696 1313 99.3
Ref. [18] 7688 992
7Li87Rb This work 1252300 1244205 6314 1800 99.4
Ref. [38] 884705 876031 6963 1711 99.0
Ref. [18] 6193 1061
Ref. [27] 1070000 1070000 6323 1754 > 99.0
7Li39K This work 570190 563500 5489 1200 98.8
Ref. [38] 411682 404491 6024 1167 99.3
Ref. [18] 5982 1261
Ref. [27] 524000 517000 6269 1241 98.7
23Na39K This work 561070 553520 6732 800 98.7
Ref. [38] 516606 508325 7461 820 98.4
Ref. [18] 6818 959
39K133Cs This work 345740 329510 15619 611 95.3
Ref. [38] 469120 450681 17716 723 96.1
Ref. [18] 16570 690
87Rb133Cs This work 147260 129250 17707 53 87.8
Ref. [38] 180982 160336 20301 345 88.6
Ref. [18] 18840 370
39K87Rb This work 15972 3336 12576 60 20.9
Ref. [38] 17720 3456 14202 62 19.5
Ref. [18] 13490 50
7Li23Na This work 3583 241 3321 21 6.7
Ref. [38] 3709 110 3582 17 3.0
Ref. [18] 3279 10
Ref. [27] 3880 186 3673 21 4.8
TABLE II. The different contributions to the C6 coefficient
(see Eq. (4)) between two identical ground-state bialkali het-
eronuclear molecules in their lowest rovibrational level. In
Ref. [38], Cg6 , C
e
6 and C
g−e
6 are denoted C
rot
6 , C
disp
6 and C
ind
6
respectively; in [27], our Cg−e6 is called C
inf
6 ; and in [18], our
Ce6 and C
g−e
6 areW
(2,DISP)
6000 andW
(2)
6000−W
(2,DIS)
6000 respectively.
In addition Ref. [55] gives C6 = 16133 a.u. and 142129 a.u. for
KRb and RbCs respectively; in [56], C6,00 = 13706 a.u. for
KRb is similar to our Ce6 + C
g−e
6 . The last column illustrate
the existence of two classes of molecules as commented in the
text.
4III. MULTI-CHANNEL CALCULATION IN
FREE SPACE
We consider in the following the eight molecules for
which Cg6 is dominant (all but KRb and LiNa) as dipolar
rotators characterized by d0 and B0, ignoring the influ-
ence of the electronically-excited states in their interac-
tion.
The above single-channel description is valid down to
distances R∗ =
(
d20/B0
)1/3
such that C6/R
∗6 ≈ 2B0
where the dipole-dipole interaction couples the (ji = 0)
and (ji = 1) levels [14]. This is easily shown using an
analytical model including the two channels (j1, j2) =
(0, 0), (1, 1), namely the basis states |j1m1; j2m2〉 =
|00; 00〉, |10; 10〉 and |1±1; 1∓1〉, with mi the projection
of ~ji on z. Defining dimensionless energies V¯ = V/B0
and distances R¯ = R/R∗, the lowest potential energy
curve V¯0,0(R¯) reads
V¯0,0(R¯) ≈ 2− 2
√
1 +
1
6R¯6
. (5)
Thus R∗ is the distance where the variation of V¯0,0 sud-
denly changes from a variation in R¯−6 to R¯−3 due to
the coupling with higher channels, inducing the mutual
alignment of the molecules. As previously found [28], the
values of R∗ are about two times smaller than the vdW
length RvdW (Table III) where quantum reflection occurs
[57, 58]. We checked that this sudden change in the inter-
action does not modify the quantum reflection and thus
the universal collision rates defined in Refs. [27, 28].
The full numerical formalism must take into account
the coupling between rotational levels of the diatoms in-
duced by Vˆdd (assuming v1 = v2 = 0), by diagonalizing
at each R the Hamiltonian Hˆ = Hˆ1 + Hˆ2 + Vˆdd, in the
rotational basis |β〉 = |j1m1j2m2〉, and for a given parity
p = (−1)j1+j2 and a given M = m1 +m2. The free rota-
tion terms Hˆi of molecule i only have diagonal elements
equal to B0ji(ji+1). The matrix elements of the dipolar
Hamiltonian (1) read
〈β′|Vˆdd|β〉 = d
2
0
R3
C
j′
1
0
j1010
C
j′
2
0
j2010
∑
q
AqC
j′
1
m′
1
j1m11q
C
j′
2
m′
2
j2m21−q
,
(6)
where
Aq = − 2
(1 + q)!(1 − q)!
√
(2j1 + 1)(2j2 + 1)
(2j′1 + 1)(2j
′
2 + 1)
(7)
is a numerical factor, and Ccγaαbβ are Clebsh-Gordan co-
efficients [59]. Values up to ji = 6 for R¯ > 10, ji = 10 for
0.25 < R¯ < 10 and ji = 15 for 0.1 < R¯ < 0.25 have been
included in the calculations. In analogy with two atoms,
the resulting adiabatic potential energy curves (PECs)
are labeled |M |σ(p)g/u where σ is the symmetry with respect
to a plane containing the intermolecular axis.
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FIG. 2. (Color online) (a) Long-range adiabatic PECs (in
scaled units) of 0
+(±)
g (solid lines), 0
+(±)
u (dashed lines), 1
(±)
u
(dash-dotted lines) symmetries of two identical v = 0 ground
state polar diatoms. (b) the lowest 0
+(+)
g PEC in log scale
(solid line: numerical; crosses: Eq. (5)).
Figure 2 displays the lowest PECs calculated numeri-
cally for the 0
+(±)
g , 0
+(±)
u and 1
+(±)
u symmetries, which
will be relevant for the analysis in an electric field. Fig-
ure 2b shows that Eq. (5) correctly reproduces the full
numerical calculations, although it underestimates the
magnitude of the R−3 interaction. For R ≫ R∗ a one-
channel description similar the one of Sec. II is valid. The
potential energy scales as R−6, except for the PECs con-
nected to the channel (1,0) which scale as R−3 due to
the exchange of rotational excitation. As R → +∞ the
energy of the 0
+(−)
g/u curves is V¯1,0(R) ≈ 2± 2/3R¯3 (the +
sign is for 0
+(−)
g ), and the energy of the 1
+(−)
g/u curves is
V¯1,1(R) ≈ 2∓1/3R¯3. For low-R values (R ≪ R∗) the ro-
tational levels become significantly coupled giving birth
for example to potential barriers. Finally note the behav-
ior of the lowest 0
+(+)
g and 0
+(−)
u curves which get closer
and closer when R decreases. This will have important
consequences in the presence of an electric field.
IV. APPLICATION OF AN EXTERNAL
ELECTRIC FIELD
In the T-CS the influence of an external electric field
on the molecule-molecule interactions is for instance rel-
evant when considering experimental setups using one-
or two-dimensional traps for the ultracold quantum gas.
The field-molecule Hamiltonian Wˆi = − ~ˆdi · ~ˆE reduces to
(−E cos θˆi) and (−E sin θˆi cos φˆi) for a parallel (along z,
π = 0 ≡‖) and perpendicular (along x, π = 1 ≡⊥) field,
respectively. Its matrix elements for molecule 1 (and vice-
versa for molecule 2) coupling states with different parity
p and p′ are
〈β′|Wˆpi1 |β〉 = −δj2j′2δm2m′2
√
2j1 + 1
2j′1 + 1
C
j′
1
0
j1010
Ωpi1Ed0 (8)
5with
Ωpi1 =
1√
2(1 + δpi0)
[
C
j′
1
m′
1
j1m11−pi
+ (−1)piCj′1m′1j1m11pi
]
. (9)
The dimensionless quantity E¯ = E/E∗ holds for the elec-
tric field expressed in units of E∗ = B0/d0 (Table III).
The electric field couples the lowest 0
+(+)
g state
|j1m1; j2m2〉 = |00; 00〉 to symmetric superpositions of
|j1m1; j2m2〉 and |j2m2; j1m1〉 states. In the parallel
case, |00; 00〉 is directly coupled to the 0+(−)u states
|00; 10〉 and |10; 00〉, while the latter are in turn directly
coupled to the 0
+(+)
g state |10; 10〉. Similarly, the perpen-
dicular field induces a coupling between the 0
+(+)
g state
|00; 00〉 with |00; 11〉, |00; 1− 1〉, |11; 00〉, and |1 − 1; 00〉
which combine together to form 1
(−)
u states (see Fig. 2a).
Therefore a perturbative calculation of the lowest PEC
V¯00;pi(R¯) for R¯ ≫ 1 and E¯ ≪ 1 requires: (i) the inclu-
sion of the (j1, j2) = (0, 0), (1, 0), (1, 1) channels; (ii) the
third-order correction on energy, as it contains the first
crossed (R¯,E¯) contribution. In the parallel case (π = 0 in
Eq. (9)), the Hamiltonian on which the perturbation the-
ory is applied is expressed in the basis |00; 00〉, (|10; 00〉+
|00; 10〉)/√2, |10; 10〉, (|10; 00〉+ |00; 10〉)/√2 as

0 −
√
2/3E¯ −2/3R¯3 −√2/3R¯3
−
√
2/3E¯ 2− 2/3R¯3 −
√
2/3E¯ 0
−2/3R¯3 −
√
2/3E¯ 4 0
−√2/3R¯3 0 0 4

 . (10)
It gives for the lowest PEC
V¯00;‖(R¯, E¯) ≈ −
2E¯2
9R¯3
− 1
6R¯6
(11)
where the energy of the two infinitely separated molecules
has been set to 0 for each E¯ . The attractiveR−3 character
of the lowest PEC, induced by the head-to-tail configura-
tion of the two molecules, is valid only for distances such
that R¯≫ E¯−2/3, while below this limit the vdW term is
dominant.
In the perpendicular case (π = 1 in Eq. (9)) a similar
perturbative calculation gives for the lowest PEC
V¯00;⊥(R¯, E¯) ≈ E¯
2
9R¯3
− 1
6R¯6
. (12)
The “huge” vdW term competes with a side-by-side re-
pulsive R−3 term, resulting in an expected potential bar-
rier located at
R¯b ≈ (3/E¯2)1/3 (13)
with the height
V¯b ≈ E¯4/54. (14)
In physical units the coordinates of the barrier are Rb ≈
(3B0/E2)1/3 and Vb ≈ d40E4/54B30 . As E increases, the
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FIG. 3. (Color online) Long-range adiabatic PECs (in scaled
units) for two identical v = 0 ground state polar diatoms
submitted to an external electric field: (a) E = 5E∗; and (b)
E = E∗/5. The solid (dashed) lines correspond to the nu-
merical results in a parallel (perpendicular) field. The plus
signs (open circles) correspond to the analytical approxima-
tions (Eqs. (11) and (12)) in a parallel (perpendicular) field.
barrier shifts toward low R, but its height remains small
compared to B0, even for moderate fields E¯ ≈ 1. The po-
sition and height of the barrier, calculated for an electric
field of 1kV/cm, are given in Table III for each species.
The height increases with the molecular dipole moment,
so that colliding molecules like NaCs are unlikely to
overcome the barrier in the ultracold regime.Figure 3
shows that these features are observable in the PECs ob-
tained after the diagonalization of the molecule-molecule
+ molecule-field Hamiltonians (Eqs. (6) and (8)). For
a weak field (Fig. 3b) the perturbative expressions (11)
and (12) are in very good agreement with the numerical
results. In the strong-field regime (Fig. 3a), i.e. outside
the perturbative regime, Eq. (12) captures the essential
features of the numerical results, even if the height of the
potential barrier calculated numerically is smaller due to
the coupling with higher levels, which are not included
in the analytical estimate.
The lowest PEC can be conveniently and unambigu-
ously characterized by the leading exponent n∗(R¯, E¯) of
the long-range interaction
n∗(R¯, E¯) = ∂ log10 |V00;pi(R¯, E¯))|
∂ log R¯
, (15)
with n∗ = −3 if the interaction is of pure dipole-dipole
type, and n∗ = −6 if it is of pure vdW type. On Fig. 4,
n∗ is plotted as a function of R¯ and E¯ for parallel and
perpendicular fields. Panels a and b correspond to KRb,
but are also applicable to LiNa, while panels c and d
correspond to the 8 other molecules. The (R¯, E¯) plane is
divided in different areas labelled with Roman numbers.
In Region I the van der Waals interaction dominates
the dipolar interaction even in non-vanishing fields. Re-
gion III corresponds to the expected dipole-dipole inter-
action, which is attractive due to a head-to-tail approach
in a parallel field, and repulsive due to a side-by-side ap-
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FIG. 4. (Color online) Leading exponent n∗ (Eq. (15)) charac-
terizing the molecule-molecule interaction for the lowest state
in parallel (upper row) and perpendicular (lower row) elec-
tric field in the T-CS as a function of R and E in reduced
units: (a)-(b) for KRb; (c)-(d) for all species but KRb and
LiNa. The color scale ranges from black (n∗ = −6) to white
(n∗ = −3). The Roman numbers correspond to regions of
the (R,E) plane characterized by different types of interac-
tions (see text). In (b) and (d) the +/− symbols refer to a
repulsive/attractive interaction, while the zones between the
dashed lines correspond to a change of sign of the interaction
and are physically irrelevant (see text).
proach in a perpendicular field. Region III spreads to
the low-R values with increasing fields, and its border
with region I scales as E ∼ R−3/2, as predicted from
Eqs. (11) and (12). In a perpendicular field the competi-
tion between the repulsive dipole-dipole interaction and
the attractive vdW interaction (represented by the “+”
and “-” signs on Figs. 4b and 4d) induces a change in the
sign of the potential energy, which causes the divergence
of n∗. On Figs. 4b and 4d, the region between the dotted
lines is physical irrelevance due to this divergence.
Region II of Figs. 4c and 4d is characterized by a dom-
inant dipole-dipole interaction in R−3, as expected for
the most polar molecules. Region II even exists at E¯ = 0
as observed on Fig.2 and its border with Region I is field-
independent. The dipole-dipole interaction strongly cou-
ples the rotational levels of the molecules, which causes
their mutual orientation. For KRb (Fig. 4(a, b)), an ap-
proximate value of n∗ is obtained by diagonalizing Eq. (6)
in physical units, and adding the diagonal contribution
−(Cg−e6 +Ce6)/R6. It is striking to see that while Regions
I and III are similar to those of the former case, the vdW
interaction dominates even at short distances (Region II)
even at high electric fields, due to the low value of the
PEDM.
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FIG. 5. (Color online) The molecule-molecule interaction for
the lowest state in parallel (upper row) and perpendicular
(lower row) electric field in the T-CS as a function of R and E
in reduced units. The color scale ranges from black (minimal
values) to white (maximal values). (a)-(b) Induced dipole
moment d¯i of molecule i (i = 1 or 2) along the field axis
(Eq. (16)); (c)-(d) scalar product s of the two dipole mo-
ments (Eq. (17)). The Roman numbers correspond to regions
of the (R, E) plane characterized by different types of interac-
tions (see text). The horizontal line in (a) and (b) drawn at
E = E∗/10 locates the regime for which the variation of the
induced dipole moment is discussed in the text.
V. DISCUSSION: ALIGNMENT AND
ORIENTATION OF INTERACTING POLAR
MOLECULES
In order to understand more deeply the interaction be-
tween the eight most polar molecules, we also calculated
the induced dipole moment d¯i(R¯, E¯) (in units of d0) along
the electric field axis,
d¯i(R¯, E¯) = 〈 ~ˆ¯di · ~ˆ¯E〉 (16)
and the mutual alignment of the two molecules s(R¯, E¯),
expressed as the scalar product
s(R¯, E¯) = 〈 ~ˆ¯d1 · ~ˆ¯d2〉 , (17)
where 〈...〉 denotes the average over the eigenvector asso-
ciated with the lowest PEC. The quantites d¯i and s are
plotted on Figure 5 featuring the same regions as Fig. 4.
In Region I, both d¯i and s vanish: in a simple pic-
ture the dominant vdW interaction can be regarded as
the consequence of the independent rotation of the two
molecules. Although Region III displays the expected
R−3 dipolar interaction, Figure 5 shows that for low fields
(E¯ < 1, Region III-B) the dipoles are not aligned along
the field and average to zero, neither they are aligned
against each other. The inverted situation takes place at
high fields (E¯ > 1, Region III-A). The molecular align-
ment becomes significant for E¯ ∼ 1, i.e. E ∼ E∗. In
7Tab. III we see that E∗ decreases with the PEDM mag-
nitude. It means that the molecules interacting with the
strongest vdW force are actually the easiest to align along
the field.
Figure 5(c,d) shows that in Region II the molecules are
aligned with respect to each other in a head-to-tail config-
uration (s ≈ 1), while there is no preferential orientation
(d¯i = 0) in a perpendicular field. The large dipole-dipole
interaction, compared to the Stark energy, strongly cor-
relates the molecules to each other, whereas they are not
influenced by the field. Surprisingly in a parallel field,
both s and d¯i are close to unity, which reflects a strong
molecular alignment even at small fields (see Fig. 5(a)).
This comes from the degeneracy between the lowest 0
+(+)
g
and 0
+(−)
u field-free PECs visible on Fig. 2a. A small field
is sufficient to raise that degeneracy, and the lower of the
resulting states is very efficiently aligned along the field
(while the upper one, not shown here, is anti-aligned, i.e.
d¯i ≈ −1).
For a moderate parallel field, say E = E∗/10 as illus-
trated by the dashed line on Fig. 5(a,c), the dipole mo-
ment strongly varies with R: it changes from d¯i = 0.18
at R¯ = 0.74 up to d¯i = 0.81 at R¯ = 0.45. For the
five species (NaK, NaRb, NaCs, KCs, and RbCs) among
the ten heteronuclear bialkali molecules which are found
stable against ground state collisions [60], this feature
suggests that the formation of ultracold polar tetramers
could be possible by stimulated one-photon radiative as-
sociation process along the lines proposed in Ref. [61].
In contrast, such an association process cannot oc-
cur when the electric field is perpendicular to the in-
termolecular axis since the individual dipole moments d¯i
are zero. Thus we predict that this mechanism is strongly
anisotropic, and that electric fields could be used to con-
trol the association of the tetramers, in a similar way
than the one used to reduce the collision rate of ultra-
cold KRb molecules in the JILA experiment.
VI. CONCLUSIONS
In this article, we compute the long-range interactions,
in free space and in an external electric field, between two
identical ground-state heteronuclear bialkali molecules,
for the ten species composed of Li, Na, K, Rb and Cs
atoms. We find two distinct groups of molecules: on
the one hand the eight ones which possess a permanent
electric dipole moment larger than 1 Debye, and on the
other hand, LiNa and KRb which possess a weak per-
manent electric dipole moment. For the eight most po-
lar molecules, the long-range interactions are analyzed
in terms of scaled intermolecular distances, electric field
and energy, which are constructed from the dipole mo-
ment and rotational constant in the vibrational ground
level.
The most polar molecules interact through a huge van
der Waals force, up to three orders of magnitude larger
than for homonuclear molecules or atoms. For distances
R roughly smaller than 100 a.u., this van der Waals in-
teraction turns into a dipole-dipole interaction due to the
mutual orientation of the two molecules. Although this
change in behavior occurs at a distance R∗ of the same
order of magnitude as the van der Waals length RvdW, we
have checked that it does not alter the universal collision
rates for reactive species [27, 28]. In the case of LiNa and
KRb, the smaller-R mutual orientation does not happen
because of the weak permanent electric dipole moment.
When the field is turned on, the expected dipole-dipole
interaction is observed for the ten molecules, for electric
field magnitudes larger than a certain threshold value.
Except for LiNa this value is accessible in current ul-
tracold experiments. In the region of mutual orientation,
and for an electric field parallel to the intermolecular axis,
we predict a very strong alignment of the molecules along
the field axis which is due to a surprising degeneracy be-
tween two curves significantly coupled by the field. The
resulting strongly R-varying induced dipole moment sug-
gests the possibility of a controlled one-photon stimulated
association of ultracold ground-state polar tetramers.
In Ref. [18] the authors compute the terms of the mul-
tipolar expansion from R−3 to R−8, for two polar bial-
kali molecules with fixed distances and angles. Then
those purely electronic terms are averaged on electric-
field-dressed rotational levels of each molecules, for dif-
ferent intermolecular distances. It is shown that the
quadrupole-quadrupole interaction scaling as R−5 dom-
inates the dipole-dipole interaction for distances lower
than Rq (last column of Table III). For the six most po-
lar molecules, Rq is smaller than 20 a.u., where our model
is not valid any more. For LiNa, KRb, RbCs and KCs,
this interaction may play a significant role in the small-R
region [17, 18]; but it would require a separate study for
each molecule.
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